Abstract: Adhesion and friction have been measured on insect wings where contamination (water and/or contaminating particles) can potentially have a detrimental effect on their flight capabilities or daily functioning. Adhesional forces as low as 2 nN were recorded in air for particles with radii of 10-15 nm, and 20 nN for particles of 31 mm radius. The effective coefficients of friction were in the range of 0.01 to 0.10. The low adhesion and frictional values demonstrate that only very low out-of-plane and in-plane forces are required to remove contaminants of nanometre and micron dimensions from the cuticle membranes.
Introduction
The promise of controlling the adhesion between surfaces at various length scales, together with an advanced understanding of the processes involved, will ultimately lead to the next generation of contamination resistant and self-cleaning surfaces (Blossey, 2003) . Adhesion control between surfaces, whether as solid-solid or solid-liquid contacts, affects all aspects of life from the need to keep surfaces clean, to the state-of-the-art of droplet-based micro-fluidics systems (Blossey, 2003; Lehto et al., 1999) . The control of adhesion between contacts is critical in a number of industrial applications and more importantly for predicted future technologies. Progress in nanotechnology and in particular, nanoelectromechanical systems has prompted studies of new materials and importantly new structure designs with requirements of low adhesion, friction and wettability. The contact area and wettability will affect the adhesion, friction and wear, and may inhibit, possibly prohibit, the functionalities of micromechanical and nano-sized devices as well as the impact on their ultimate life expectancy (Abdelsalam et al., 2005; Ando and Ino, 1998; Burton and Bhushan, 2005; Mastrangelo, 1997) . The Holy Grail in regards to adhesion would be the ability to fabricate surfaces at two extremes -a surface that adheres to anything and a surface that nothing will adhere to.
Many naturally occurring nanostructures have functional efficiencies, which are superior to man-made technologies. One of the most noteworthy nanocomposite materials is the insect cuticle (Vincent and Wegst, 2004) . Recently, micro-and nanostructures found on insect cuticle have been shown to exhibit a range of impressive and remarkable properties such as superhydrophobicity, directed wetting and ultra low adhesion (Cong et al., 2004; Gorb et al., 2000; Parker and Lawrence, 2001; Watson et al., 2008) .
The mechanisms and functional efficiency of nanostructures identified on a variety of insects has as yet not received a great deal of attention. One of the major obstacles for a greater understanding of these structures has been the inability to undertake surface and interface characterisation on the nanoscale. The development of instrumentation and techniques such as the atomic force microscope (AFM), and the latest generation of imaging and analytical electron-optical techniques has given the scientific community new tools with which to visualise and analyse on the nano-and meso-scale the structure and properties of surfaces and interfaces.
A study and seminal work by Wagner et al. (1996) showed that there was a correlation between contaminability, wettability and the wing area of many insects. They exposed insect specimens to a fine silica dust and fogging conditions showed that large winged insects such as butterflies exhibited contamination resistant surfaces and had very unwettable wings, while smaller winged insects (e.g., flies) showed the opposite trend. Additional weight due to contamination (water and/or contaminating particles) can potentially have a detrimental effect on the flight capabilities of large wing insects (Wagner et al., 1996) . Insects with a very high wing surface area-to-body mass (SA/BM) will have an even greater susceptibility to these effects. In this study, we have measured the wetting properties and micro/nano adhesion/friction of a number of insect species with large wings and/or a high SA/BM value and/or a close association with water in their life history.
Experimental section

Atomic force microscopy
The investigations were carried out on two multi-technique/multi-mode instruments: a ThermoMicroscope TMX-2000 Explorer/Discoverer and a JEOL JSPM-4200. The two instruments have broadly comparable capabilities and are both based on detection of tip-to-surface forces through the monitoring of the optical deflection of a laser beam incident on a force-sensing/imposing lever. The analyses were carried out under air-ambient conditions (temperature of 20-25°C and 60-75% RH). The probe consists of a lever and an integral tip. 'Beam-shaped' probes (NT-MDT Ultrasharp) were used throughout the work. Typical parameters, as reported by the manufacturer, were: normal force constant, k N , of 0.03-4.5 N/m; conical tip shape with cone angle <20°, radius of curvature of the tip <10 nm; and tip height of 17.5 μm. The actual normal force constant was determined by accepted methods (Cleveland et al., 1993) , and the torsional force constant was calculated from the expression for a long and thin lever (Gibson et al., 1997a (Gibson et al., , 1997b .
Topographical imaging was carried out at constant force in contact mode, with a lever-imposed normal force in the range 5-15 nN. The scanning rate in the fast-scan direction was ca. 3 Hz, and a typical image was composed of 500 × 500 pixels. Insect wings (dried samples) were surgically separated by scalpel. The forewings were cut into smaller sections (3 × 5 mm 2 ) and attached by adhesive tape, or by an epoxy resin, to AFM-mounted stubs.
Force distance adhesion data
Force versus distance (f-d) analysis was used to obtain adhesion data. The tip is held stationary at an x-y (sample plane) location and is ramped along the z-axis, first in the direction of approach and contact with the surface, and then in the reverse direction. F-d curves were acquired at rates of translation in the z-direction in the range 2-10 μm s -1 . Each f-d curve consisted of 300-600 data points. The attachment procedure for SiO 2 spheres (corpuscular) to AFM tipless cantilevers has been described in the literature (Watson et al., 2003 ). Fifty measurements per particle, microsphere or nano tip-substrate size combination were acquired. Adhesion was measured under the conditions of the two surfaces coming into contact with no applied loading force.
Frictional force data
Frictional forces were measured using friction loops. Analysis was carried out by monitoring the torsional deformation of the lever during forward and reverse line scans 20 μm in length. The normal force and linear scan speed was 5 Hz.
Friction measurements were carried out at the adhesion force loading (i.e., at a loading force, which represented the adhesion force of contact between the wing membrane and the spherical particle).
Scanning electron microscopy
In the case of scanning electron microscope (SEM) imaging, a square of dried wing tissue (approx. 3 × 5 mm 2 ) was excised and mounted on an aluminium pin-type stub with carbon-impregnated double-sided adhesive, then sputter coated with 7-10 nm of platinum, before being imaged using a JEOL 6300 field emission SEM at 8 kV.
Contact angle measurements
Where possible, in order to eliminate effects of the vein structure on the wing membrane, water droplets were placed on regions sufficiently large to accommodate the droplet footprint. Droplets of 10 μl Milli-Q water were applied to the wing membranes (if possible, near the dorsal cell region between veins CuA and M), which was attached to a glass substrate with double-sided adhesive tape. Smaller sized droplets were difficult to place on the membrane surfaces due to the adhesion between the water droplet and the syringe needle being stronger than the force of gravity and adhesion of the cuticle surface. In the case of the lacewing, a smaller droplet size was used by spraying a fine water mist onto the membrane. This was carried out in order to remove the effects of the fine hairs (macrotrichia) along the vein regions interacting with the water droplet as water droplets were 'levitated' above the cuticle membrane surface. The static contact angles (CAs) were measured with a horizontal microscope with digital capturing of the images for precise measurements (with ten measurements per droplet). The measurements were taken at ambient conditions of 21°C and RH of 60-75%.
Replication process
Negative replicas were produced by laying the whole wings on liquid Epon araldite resin held in a silicone rubber mould. The resin was polymerised at 60°C for three days. After cooling, the wing tissue was pulled away from the resin leaving an impression that was used to produce a positive cast.
The casts were then formed by the application of PolyDiMethylSiloxane (PDMS) (Sylgard ® -184). PDMS was supplied by Dow Corning as a two-part silicone elastomer. The base and curing agent were mixed at a 10:1 weight ratio, poured over the patterned resin and cured in an oven at 60°C for a sufficient amount of time to fully cure the polymer.
Results and discussion
Topographical characterisation of insect wing cuticle
The surfaces of the transparent cicada wing membranes of Psaltoda claripennis and Cicadetta oldfieldi are covered with a number of periodic structures. The structures are shown in topographical SEM images (top and cross-sectional views) in Figures 1(a) to 1(d), respectively, with the relevant geometrical parameters listed in Table 1 . The arrays consist of hexagonally-packed spherically-capped conical protuberances with a spacing and height of ca. 200 nm and radius of curvature of 35-55 nm at the apex as shown in the AFM image and line profile in Figures 1(e) and 1(f), respectively. Similar features have been found on the wings of a number of other cicada species including Tamasa tristigma, Macrotristria angularis and Thopha saccata (Watson et al., 2007) . The features are present on all areas of the dorsal and ventral wing membrane sections. A previous study has demonstrated the functional effectiveness of similar structures as an antireflective surface, which presumably helps to camouflage the insect from predators (Watson et al., 2008) . The surfaces also demonstrated low adhesion with hydrophilic particles (Watson et al., 2008) . The multi-functional nature of the structures is typical of the cuticle found on many insect species.
Three other cicada species [Gudanga sp. nr adamsi (black cicada), Gaeana cheni and Tosena sybilla] were examined, which had coloured, non-transparent wing regions as opposed to the species discussed above, which all have transparent fore and hind wings. Their respective top and cross-sectional views are shown in topographical SEM images in Figures 2(a) to 2(f). The cuticular structures varied significantly between the three species and ranged from a height of 200 nm to over 1.5 µm. Interestingly, transparent regions on the black cicada wing membrane (hind wing) showed the same well-ordered structure size, shape and periodicity as found on other cicada with completely transparent wings. The non-transparent coloured part of the forewing (black in colour) possessed less ordered surfaces with individual structures almost one order of magnitude larger in height and (maximum) width. This provides strong evidence for specific dimensional structure size for specific functionality on selected regions of the wings. Regions of the wing where the antireflection property is required have the necessary structure dimensions [less than the wavelength of light Watson et al., 2008) ] while other coloured regions are not restricted by this wavelength condition. Slight structure size and shape differences can be seen on two different coloured regions on the forewing of Gaeana cheni, as shown in Figures 2(c) to 2(f). SEM images in Figures 2(c) and 2(d) show structures on a yellow coloured region on the forewing whereas Figures 2(e) and 2(f) are structures on brown coloured regions on the forewing of the cicada showing a height and width difference of ca. 110 nm and ca. 300 nm, respectively (see also Table  1 ). Figures 2(g) and 2(h) show spherically-capped cones on the surface of the Tosena sybilla cicada forewing.
The dragonfly (Rhyothemis phyllis chloe) and planthopper (Desudaba psittacus) presented comparable surface topographies with rod-like structures forming a layer of structured matting as shown in Figures 3(a) and 3(b) , respectively. These structures are similar to those found on damselflies (Gorb et al., 2000) . In that study, the authors suggested a number of possible functions for the wax covering including intra/inter-specific communication based on ultraviolet light reflection of the layer. The covering was also suggested to protect against the insect when in contact with water (Gorb et al., 2000) .
The moth (Prasinocyma albicosta) topography showed scales with a typical overlaying tile type arrangement as found on many butterfly species (Cong et al., 2004) . These scales exhibited micron [SEM image in Figure 4 (a)] and submicron structure in the form of longitudinal and lateral ridges as seen in the cross-sectional SEM image of a single scale in Figure 4(b) . A number of functional properties have been attributed to scales on butterflies including camouflage display, signalling and possibly thermo-regulation control (Wong et al., 1997) . The scales are also hydrophobic and can detach as an aid for protection against highly adhesive surfaces (e.g., spider web). The SEM image of the lacewing (Glenoleon pulchellus) showed interconnected ridges forming dense netting on the cuticle surface ( Figure 5 ). The vein regions were characterised with an array of macrotrichia. These fine hairs add a secondary layer of protection against surfaces with which the insect may come into contact. The lacewing surface has been previously studied, whereby the wing was exposed to a fine dust of silica particles under fogging conditions and was shown to exhibit a high degree of non-contaminability (Wagner et al., 1996) . 
Wettability
Many insects already have chemistries, which result in CAs, which are near the upper limit for what can be achieved on flat surfaces. Thus, topographical architectures resulting in increased roughness as shown in this study are one way to improve on an already low energy surface. The non-wetting surfaces offer survival value to insects as they afford resistance to wetting by rain and other water surfaces they may encounter. The wettability (contact angle (CA)) of the insect wing cuticles in this study is shown in Figure 6 (a) (right axis). The membranes represent superhydrophobic surfaces where static CAs are close to or above 150º. A typical example is shown in Figure 6 (b) (cicada with structure height and periodicity of 200 nm) where it is evident from the image that the water droplet gains negligible energy through absorption to compensate for any enlargement of its surface area. For comparison, a flat PDMS sample, a well-known hydrophobic surface [with a measured CA of ca. 101-105°, in good agreement with values reported in the literature (Rolland et al., 2004) ] highlights the hydrophobic character of the wing membranes [ Figure 6 (c)]. There are a number of theories to express the superhydrophobic condition all of which have certain assumptions and limitations (Cassie and Baxter, 1944; Gao and McCarthy, 2007; Wenzel, 1936) . Cassie and Baxter express the superhydrophobic state in terms of a number of interfaces, a liquid-air interface with the ambient environment surrounding the droplet and a surface under the droplet involving solid-air, solid-liquid and liquid-air interfaces. Equation (1) shows the CA formed with a rough surface.
where R f is the roughness factor defined by the solid-liquid area to its projection on a flat plane (the roughness factor of the wetted area), f SL is the fraction of the solid/water interface (the area fraction of the projected wet area), and θ represents the CA which would occur on a smooth surface with the identical chemistry and can be expressed by the Young's relation ( )/ SV SL LV θ γ γ γ = − where the ij γ terms correspond to the solid-vapour, solid-liquid and liquid-vapour interfacial energies/tensions, respectively. Equation (1) necessitates the surface to have the required roughness to trap air in topographically favoured regions such as troughs and surface depressions. Thus, topographies, which increase the air-water interface and minimise the solid-liquid contact area will lead to higher CAs.
All the insect species demonstrate specialised topographies for minimising the solid-liquid contact area and maximising the liquid-air contact. The non-transparent cicada wing cuticles of Gudanga sp. for example present structures, which satisfy a number of the above contact conditions. The diamond-like shape demonstrates design features for material minimisation with reduced weight and lowers the solid-liquid contact area while at the same time allowing a larger pocket/volume of air to be trapped beneath the water droplet. The spacing between individual structures as seen in Figures 2(a) to 2(h) are generally less than 5 μm and this suggests that this may be near a critical distance for structures of these heights (several μm) interacting with water. The membrane must be resistant to water under a variety of conditions so as not to invade or make contact with the underlying surface between asperities increasing the solid-liquid contact or promoting a transition to the fully wetted state. The Cassie-Baxter model can be used to describe an array of hemispherical-top protrusions (a close approximation to the structures shown in 
where B φ is the ratio of the basal area of the protrusion over the total area, d is the diameter of the base of the protrusions, h is the structure height, and l is the centre-to-centre pitch (nearest-neighbour spacing for an ordered array). θ Y is the ideal CA of water on a smooth surface of identical chemistry [θ Y ~ 105° in the present case e.g., (Watson et al., 2008) ]. The predicted CA for the cicada membrane is ~148°. This value correlates well with the experimentally determined value shown in Figure 8 . The cicada species with transparent wing membranes are forced to compromise the geometrical structure parameters due to the antireflection constraint as mentioned above. Even so, the membrane still manages to achieve superhydrophobic CAs. A recent study of fabricated superhydrophobic nanostructures with comparative spacing and height to the cicada arrays reported measured values of CA similar to our results (Martines et al., 2005) . The dragonfly, leafhopper and lacewing present denser regions of smaller asperities on the surface, which will increase the air pocket volume by the three-dimensional 'undergrowth' of surface matting on the membrane. The moth topography has an anisotropic hierarchy of roughness with the scales and ridges minimising contact with water bodies.
Polymer replicas have been suggested and used to enhance hydrophobicity tailored by insect nanostructures by a templating procedure Watson et al., 2008) . The insect cuticle structures in the present study were replicated using this technique. All of the replicated samples showed increased CAs approaching or equal to the original natural templates. The similar measurements after replication are not surprising as PDMS has a CA comparable to that of the hydrophobic chemistry of many insect cuticles (Gao and Jiang, 2004; Tong et al., 2005; Watson et al., 2007) .
A typical outcome, as seen in Figures 7(a) and 7(b), shows a droplet in contact with the insect forewing (Desudaba psittacus) and PDMS replica.
The PDMS replicas of the two different cicada wings, Cicadetta oldfieldi and Gaeana cheni, and a lacewing membrane (Glenolean pulchellus) are shown in Figure 8 (c). The figure also illustrates the increased hydrophobicity when roughness is introduced to the polymer surface. The area of the fabricated replica is restricted to the wing dimensions and includes the imprints of the vein structures. 
Adhesion and friction
The adhesion and friction properties have been measured on the selected insect species based on the hypothesis that contamination and wettability are related to insect habit and/or SA/BM values. Two different sized spherical bodies with hydrophilic chemistries have been used to measure adhesion and friction with the insect wing membranes [ Figure 6 (a) -left axis] using AFM. The dimensional differences are used to mimic contact conditions of particles, which would normally come into contact with the structured surfaces. Moreover, future fabricated materials based on natural nano/micro structures will interact with objects of these size-ranges. A comparison with a hydrophilic silicon sample with a native oxide layer highlights the adhesional differences between the various surfaces. For the case where the silica sphere comes into contact with the silicon dioxide surface, meniscus forces at the point of contact between the tip/particle and the surface accounted for the high adhesive forces. The meniscus force between a sphere and a flat surface can be expressed as a function of CA and other parameters (Bhushan, 2002) 
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where R is the radius of the tip/particle and γ the surface energy (0.0728 J/m 2 for water) of the liquid film. The predicted force of adhesion for the hydrophilic AFM tip interacting with the hydrophilic silica surface is 8-20 nN in reasonable agreement with the measured value of ca. 11 nN. The value calculated from equation (3) for the 31 μm spheres yielded a much larger adhesive force than was experimentally determined (experimental value ca. 450 nN). The discrepancy can be explained due to the particles having surface roughness on the nm-scale as observed by AFM imaging. Contact with the flat surface is made via a number of contact points, i.e., a multi-asperity regime, each with radii of curvature in the nm-range.
The adhesion between the silicon tip and microsphere with insect cuticles represents a high surface energy contaminant particle coming into contact with low energy hydrophobic micro/nanostructures/arrays. Particle adhesion on the insect cuticles was much lower in comparison with that for the flat hydrophilic surface. The low adhesion value is consistent with other studies on various materials and reflects the low surface energy of the surface (e.g., Watson et al., 2008) . Adhesion was also measured for the 31 μm sphere on a polytetrafluoroethylene (PTFE) surface (CA 108°) with a measured value of 60 nN. Thus, the insect cuticle membranes represent lower surface energy materials than the PTFE for interaction of particles at this length scale. It is evident that the topography of the wing membranes results in minimal actual contact between the touching surfaces. Some insects may encounter long periods without rainfall and fogging conditions for self-cleaning of wing surfaces. Low adhesion may help in these cases to minimise contamination from foreign bodies.
The adhesion of contaminant particles coming into contact with the wing membrane surface of Psaltoda claripennis and Cicadetta oldfieldi showed ultra low adhesion forces as small as 2 nN for AFM tip sized spherical bodies (10-15 nm) and less than 20 nN for 31 μm sized silica particles.
The adhesion on the dragonfly and planthopper's cuticles are similar and reflects the comparable surface topographies of the two insects. Adhesion curves on the moth surface with a silica sphere showed multiple releases during the retract section of the curve (>50% of force distance curves recorded). It seems plausible that this is the result of the scale having multiple releases under load.
Frictional forces were measured with a 31 μm sphere at a loading force, which is the characteristic of the adhesional force between the two different body contacts i.e., 31 μm sphere and cuticle combinations. The adhesional force was chosen as this best represents frictional behaviour under normal contact conditions. The frictional loading force ratios obtained on the insect cuticles were consistently lower than that of the flat silicon oxide surface, which had a low coefficient of friction of ca. 0.1. The effective coefficients of friction (based on the frictional force at the adhesive force loading) were in the range of 0.01 to 0.10. These values reflect the low lateral forces for dynamic friction and demonstrate that only low frictional forces are required to remove contaminants of this size from the cuticle membranes.
Conclusions
In this study, we have evaluated the characteristics of contacts between bodies at different length scales by measuring the strength of interaction between two particle sizes with selected natural nanostructures. The two size-ranges were used to ascertain the contact conditions of particles, which would normally come into contact with the structured surfaces. The unique topographical micro and nanostructures found on the insect surfaces demonstrate design characteristics and features for surfaces with low wettability, adhesion and friction. We have also demonstrated replication of these designs by using the membranes as natural templates. The diversity of the structure topographies demonstrates a range of architectures suitable for optimising surface properties and replication for man-made structures/applications.
